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Abstract—In this contribution, a methodology to process the
measurements gathered with a novel subsurface imaging system
is presented. This system is based on mounting a Ground
Penetrating Radar (GPR) on board an Unmanned Aerial Vehicle
(UAV). Among other advantages, the system does not need to
be in contact with the soil, which is particularly useful for
detecting dangerous objects (e.g., landmines). However, there are
still several challenges that should be faced, such as speeding
up the measurements processing so as to bring it closer to real-
time operation. In this sense, two different focusing methods
are applied to several in-flight measurements to generate a
high-resolution synthetic aperture radar image by coherently
combining all the measurements. This coherent combination is
possible due to the use of a high accuracy positioning system.
Both focusing methods are compared in terms of image quality
and computational time for detecting metallic and dielectric
targets.
Index Terms—subsurface imaging, landmine detection, syn-
thetic aperture radar, unmanned aerial vehicle.
I. INTRODUCTION
In the last years, there has been a great development of
Unmanned Aerial Vehicles (UAVs) for a wide range of new
applications. Some of these applications, such as antenna
measurement [1] and radar imaging [2], are based on mounting
electromagnetic sensors. The advantages of UAV-based sys-
tems in terms of safety, measurement speed and inspection of
difficult-to-access areas have fostered their usage in the field
of security and defense (e.g., subsurface imaging for landmine
detection).
Ground Penetrating Radar (GPR) has been widely used for
subsurface sensing since it is able to provide images from
the underground, thus enabling the detection of both metallic
and dielectric targets [3]. There are mainly two different ar-
chitectures of GPR systems: Forward-Looking GPR (FLGPR)
[4] and Down-Looking GPR (DLGPR) [5]. In FLGPR the
antennas are placed looking ahead of the vehicle, maximizing
the penetration into the soil and reducing the reflections from
the soil surface. However, it results in a lower resolution
and thus, it is difficult to distinguish whether the targets are
under or over the ground. In DLGPR the antennas are placed
looking towards the soil. This provides a better resolution
at the expense of worst penetration capabilities and stronger
reflections from the soil surface.
In some applications, such as the aforementioned landmine
detection, the detection system requires a standoff distance
from the inspected area in order to minimize the risk. The
first approach to keep this safety distance consists of using
lightweight terrestrial robots. However, in order to reduce the
risk even further and to increase the scanning speed, our
approach is based on mounting a GPR on board a UAV [6]-
[7], as shown in Fig. 1. Although some systems based on
mounting a radar on board a UAV have been already presented,
they have not been tested neither to detect buried targets (only
targets on the surface) nor to create underground images [8].
On the other hand, our system has been already tested to detect
both metallic and dielectric targets buried in a sandy soil.
Furthermore, it has been shown that it can be used to obtain
high resolution radar images using a Synthetic Aperture Radar
(SAR) algorithm. Nevertheless, one of the remaining chal-
lenges is to speed up the measurements processing, working
towards real-time imaging. This article is devoted to describe a
methodology to process the measurements and to compare the
performance and the results obtained with two different SAR
algorithms (Delay-And-Sum, DAS, and Phase Shift Migration,
PSM).
Fig. 1. Scheme of the proposed UAV-based GPR system for landmine
detection.
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Fig. 2. Scheme of the main subsystems that compose the prototype.
II. SYSTEM DESCRIPTION
The proposed system is mainly based on mounting a GPR
on board a UAV (as depicted in Fig. 1). The final goal is that
the UAV autonomously flies over the inspected area, acquiring
radar measurements which are georeferred and sent to a
ground control station in real time. These measurements are
processed to obtain images of the underground, thus enabling
the detection of the possible buried targets.
The first prototype of the system is composed by the
following subsystems (depicted in Fig. 2):
• Flight control subsystem, including a flight controller
and positioning sensors usually on board conventional
consumer UAVs (accelerometer, gyroscope, magnetome-
ter, barometer and Global Navigation Satellite System -
GNSS- receiver).
• Communication subsystem, which is composed by a radio
control (RC) link at 433 MHz and a data link at 2.4 GHz.
• Accurate positioning subsystem, to achieve cm-level ac-
curacy in order to enable the coherent combination of the
radar measurements. It is composed by a Real Time Kine-
matic (RTK) system and a laser rangefinder to improve
the height accuracy. RTK is a differential GNSS system
that makes use of the carrier phase of the GNSS signals.
It requires a static RTK base station, which transmits
correction data to the RTK rover (on the UAV).
• Radar subsystem, which consists of a radar module and
the radar antennas. This first prototype uses an impulse
radar working at C-band (with 2 GHz bandwidth and
4 GHz center frequency) and two helix antennas with
circular polarization and reverse handedness.
• Ground control station (e.g. a laptop), where the mea-
surements are received and processed.
III. METHODOLOGY
In order to obtain high-resolution radar images, several
measurements are taken along the inspected area, generating
a synthetic aperture. It must be noticed that a point scatterer
produces a hyperbolic or elliptical shape in the time-domain
scan. Therefore, measurements must be coherently combined
in order to obtain a well-focused image.
Fig. 3. Scheme of the methodology.
Furthermore, GPR is quite sensitive to the composition of
the soil, the possible low contrast between the soil and the tar-
gets, and the soil surface roughness. In order to overcome these
issues, additional signal processing techniques must be applied
to the gathered data. Concerning the first issue, soil constitutive
parameters can be estimated using datasheets or statistics from
previous measurements [9]. If the soil constitutive parameters
cannot be calculated and free-space propagation is assumed,
the objects will be detected deeper than expected (due to the
slower wave velocity in the soil) and the image will be worse
focused. Regarding the other issues, the main challenge is to
mitigate the strong clutter produced by the soil surface [10],
which difficults the detection of the targets.
Taking into account all these considerations, the methodol-
ogy to process the measurements collected with the prototype
is structured as shown in Fig. 3. The main steps are:
• Initial preprocessing, which is applied to each measure-
ment independently. In particular, in this contribution
measurements are time gated to mitigate the coupling
between the antennas.
• Preprocessing, which is performed once several measure-
ments or after all measurements are gathered. In this
case, it consists of subtracting the average signal from
each measurement to partially remove the clutter. It may
include other techniques, such as an algorithm to estimate
the soil composition from the measurements.
• Focusing, where the measurements are coherently com-
bined to obtain a SAR image.
• Postprocessing, which might include applying another
clutter removal technique (such as a subspace projection
method) and/or a feature extraction algorithm to the radar
image.
In order to enhance the performance of the scanning system,
real-time operation is desirable. In this sense, the focusing
step is, in general, the most time-consuming stage in the
methodology. As mentioned before, two different focusing
strategies are compared in this contribution: DAS and PSM.
This comparison is performed in terms of image quality and
computational effort.
In the following subsections the equations of both methods
are presented assuming a 2D scenario composed by two media,
with the interface between them placed at z = z0 < 0.
It is assumed that the scattered field Escatt is measured on
M acquisition points (placed at rm, with m = 1, ...,M )
at N frequencies (fn, with n = 1, ..., N ) using a quasi-
monostatic configuration (with the transmitter and receiver
placed at almost the same position). Both algorithms can be
straightforwardly extended to 3D scenarios.
A. Delay-And-Sum (DAS)
DAS basically consists of summing the radar measurements
weighted by a phase correction term. This phase correction
term takes into account the distance between the acquisition
points rm and the points where the reflectivity is computed
[11].
The reflectivity at a single point r′ = (x′, z′) is given
by (1), where φn(rm, r′) is the phase shift corresponding
to a wave propagating from rm to r′. This phase shift is
computed using (2), where ki,n is the wave number in the
i−th medium at frequency fn and ri is the refraction point at
the interface between the two media. According to the Snell’s
law, the calculation of this point requires solving a fourth order
equation, which is numerically approximated using an iterative
algorithm.
ρ(r′) =
M∑
m=1
N∑
n=1
Escatt(rm, fn)e
j2φn(rm,r
′) (1)
φn(rm, r
′) =
{
k0,n‖rm−r′‖, z′ ≥ z0
k0,n‖rm−ri‖+k1,n‖ri−r′‖, z′ < z0
(2)
It must be noticed that if the medium is homogeneous or
if free-space propagation is assumed, then the phase-shift is
given by the upper part of (2) for all z′.
B. Phase Shift Migration (PSM)
PSM is based on the exploding reflector concept, which
has been initially used in seismic applications. This concept
assumes that every reflection point explodes at time zero and,
thus, only one-way propagation is considered.
PSM is derived from the scalar wave equation and it requires
that the measurement points are uniformly distributed [12].
The reflectivity at a plane z′ is given by (3), where Fx
denotes the Fourier transform in the x domain, Escatt(kx, fn) =
Fx{Escatt(x, fn)} and ϕn(zm, z′) is the phase-shift. This
phase-shift is calculated according to (4), where kzi,n is the z
component of the wavenumber. kzi,n is defined in (5), taking
into account that in this formulation only one-way propagation
is considered and thus, the wave velocity is half the true value.
ρ(z′) = F−1x
{
N∑
n=1
Escatt(kx, fn)e
jϕn(zm,z
′)
}
(3)
ϕn(zm, z
′) =
{
kz0,n(zm−z′), z′≥ z0
kz0,n(zm−z0)+kz1,n(z0−z′), z′<z0
(4)
Fig. 4. Setup for the in-flight tests.
kzi,n =
√
4k2i,n − k2x (5)
As explained for the DAS algorithm, if a homogeneous
medium is assumed, the phase-shift is given by the upper part
of (4).
Due to the irregular movement of UAVs, it is not possible
to acquire uniformly distributed measurements with the UAV-
mounted radar. Thus, measurements are interpolated into a
uniform grid before processing them with PSM.
IV. RESULTS
The validation of the proposed UAV-based GPR system has
been carried out in several stages, from measurements in the
laboratory to in-flight tests with the prototype. Since it is not
possible to dig in the airfield, a plastic box filled with sand
has been used to bury the targets for the flight tests. The box,
which has a size of (56, 78, 43) cm3, was placed over the
grass of the airfield. It was covered with a canvas supported
by a PVC structure so as to simulate a smoother surface, as
shown in Fig. 4.
Measurements with both metallic and dielectric targets are
presented in this contribution. As explained in the previous
section, time-gating and average subtraction are applied before
the focusing step to mitigate the clutter and the coupling
between the antennas. Since measurements are taken using
an impulse radar, a Fourier Transform is applied before the
focusing algorithm. Furthermore, it must be remarked that, in
order to obtain a good interpolation for the PSM method, the
UAV is programmed to maintain a steady altitude.
A. Detection of a metallic target
A metallic disk of 9-cm radius and 1-cm thickness was
buried at 12-cm depth. Assuming free-space propagation, the
SAR image for the whole aperture (of 2.5 m size) is shown
in Fig. 5 for both DAS and PSM algorithms. In both cases,
the air-sand interface and the buried target are clearly detected.
Furthermore, the air-grass interface, the PVC bars that support
the canvas and even the sand-grass interface (below the
sandbox) are also distinguishable. It must be noticed that the
buried target and the sand-grass interface are detected deeper
than expected since the sand permittivity has not been taken
into account. Comparing DAS and PSM results, it can be
concluded that DAS seems to be more affected by positioning
errors, yielding a noisier image than PSM.
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Fig. 5. Imaging results (with a metallic target) for the whole aperture
assuming free-space propagation.
Then, the aperture was restricted to a 60-cm length over the
sandbox. In this case, the material characteristics of the two-
layer scenario have been considered, being the first layer air
(εr,0 = 1) and the second one dry sand (εr,1 ≈ 2.5) [9]. The
resulting images are shown in Fig. 6, where both the target and
the sand-grass interface are detected at their true depth. Since
the aperture length is smaller, the cumulative positioning error
is also smaller. Therefore, the results of DAS are less noisier
than for the larger aperture and they are also more similar to
those obtained with PSM. The reduction of the aperture length
also yields to a lower cross-range resolution, which is partially
compensated with the smaller cumulative positioning error.
B. Detection of a non-metallic target
A plastic cylinder with 9-cm radius and 9.5-cm height
(filled with foam) was buried in the sand box at 10-cm depth.
Considering free-space propagation, the SAR images obtained
with both methods for the whole aperture are shown in Fig.
7. They are similar to those obtained with the metallic target.
The main differences are the target size, which is bigger in
this case, and the sand-grass interface, which is slightly better
detected.
(a) DAS (b) PSM
Fig. 6. Imaging results (with a metallic target) for the sand-box area taking
into account the soil composition.
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Fig. 7. Imaging results (with a non-metallic target) for the whole aperture
assuming free-space propagation.
The aperture was then restricted to a 60-cm length over the
sandbox. As in the previous subsection, the same two-layer
scenario has been considered. The SAR images are shown in
Fig. 8, where the target is detected at its true depth. In addition,
since the target is not metallic, the reflection coming from the
sand-grass interface is more noticeable.
(a) DAS (b) PSM
Fig. 8. Imaging results (with a non-metallic target) for the sand-box area
taking into account the soil composition.
TABLE I
COMPARISON OF COMPUTATIONAL TIMES FOR DIFFERENT APERTURE
LENGTHS (Lap).
Lap [m] DAS-1L [s] DAS-2L [s] PSM-1L [s] PSM-2L [s]
2 2.4 10.6 0.45 0.45
1 0.6 3.0 0.21 0.22
0.6 0.3 1.0 0.15 0.16
C. Comparison of computational time
Once the results of DAS and PSM have been compared
qualitatively, this subsection is devoted to analyze their com-
putational performance. Table I shows the computational time
of each method for several aperture lengths and for sce-
narios assumed to be composed by one and two layers of
different materials (denoted as 1L and 2L, respectively). Both
algorithms have been run in a conventional laptop (with i7-
4700HQ processor and 16 GB of RAM) without paralleliza-
tion. Since PSM is mainly based on using FFTs (Fast Fourier
Transforms), it is clearly faster than DAS. This difference
is especially more significant when considering a two layer
scenario. Furthermore, it must be noticed that the main time
consuming operation in PSM is the interpolation, which must
be performed as initial task.
V. CONCLUSION
In this contribution, a methodology to process measure-
ments taken with a UAV-based GPR system has been pre-
sented. The main advantages of the system are related to
scanning speed, security and cost. In addition, thanks to the
use of a high accuracy positioning system, measurements can
be coherently combined using a focusing algorithm, which
provides a high-resolution SAR image. Two focusing strategies
(DAS and PSM) have been compared to detect both metallic
and non-metallic targets with in-flight measurements. PSM
seems to be less affected by positioning errors, providing
cleaner images than DAS. Furthermore, since PSM is based
on FFTs, it is notably faster than DAS.
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